We developed an isocratic reversed-phase
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Physicians in our Nutrition
Unit were concerned about the adequacy of intravenous essential fatty acid replacement in patients dependent on long-term home parenteral nutrition. Gas chromatography, the most commonly used method of fatty acid analysis (1-4), was not readily accessible within our department. Several HPLC methods for measuring fatty acids have been published (5) (6) (7) (8) (9) , but all involve gradient elution and none has been used to measure fatty acids in erythrocytes. We report the conversion of a published gradientelution HPLC method (5) to a more efficient isocratic HPLC system, and describe its application to the measurement of erythrocyte fatty acids. Isocratic HPLC systems for fatty acid measurement have been previously reported (10, 11), but have not been applied to the measurement of erythrocyte fatty acids and did not measure the unsaturated fatty acids of interest to us. In common with other methods, we used 4-bromomethyl-7-methoxycoumarin (BrMMC) (12) to produce fluorescent derivatives of the hydrolyzed fatty acids.
Materials and Methods
Reagents
Unless otherwise stated, all fatty acids and chemicals were obtained from Sigma Chemical Co., Poole, UK. All water was doubly distified. Acetonitrile was HPLCgrade (Prolabo, Manchester, UK). To allow comparison between this and an isocratic system, we also used a Spectroflow 400 pump (Applied Biosystems, Warrington, Cheshire, UK) in place of the LKB gradient pump and replaced the 150 x 4.6 mm C18 analytical column with a 250 x 4.6 mm C18 column containing the same type of packing.
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Procedures
Sample collection and preparation.
Venous blood (2.5 mL) was collected into EDTA-containing tubes, centrifuged at 4#{176}C and 2000g for 5 miii, and the plasma and buflr layer removed. The remaining erythrocytes were washed three times in cold physiological saline (NaC1, 150 mmol/L, 4-8#{176}C), suspended in an equal volume of the saline, and then counted (S-Plus Counter; Coulter Electronics, Luton, UK The residue from each sample was reconstituted with 100 pL of acetonitrile and vortex-mixed; after 30 s, 100 JLL of BrMMC (reagent 1) and 100 L of 18-crown-6 (reagent 2) was added, and the samples were vortexmixed again for 30s before derivatization incubation for 15 mm. (We examined incubation both at room temperature and at 60#{176}C in a water bath.) The derivatives were diluted with at least an equal volume of mobile phase and transferred to amber glass vials, which were then capped to prevent evaporation during the HPLC run.
Chromatography. Samples of 20 iL of diluted derivative were injected onto the column. Flow rate was 1.5 mL/min at room temperature.
Elution was detected fluorometrically, with excitation at 325 mm and emission at 398 mm (slit widths = 10 mm for each). Peak height was recorded.
Isocratic and gradient elution protocols were compared for effectiveness in separating the derivatives of the fatty acids in the standard mixture. The isocratic mobile phase was acetonitrile:water, 85:15 (by vol). Eluents A and B for the binary gradient were acetonitrile:water (80:20 by vol) and 100% acetonitrile, respectively (5). The gradient consisted of 0-100% B in 45 miii. Eluents A and B were continuously degassed with helium. The isocratic mobile phase was degassed for an initial 5 miii only. All eluents were filtered (through 0.2-j.un-pore filters) before use.
Calibration. Absolute recovery. Absolute recovery was assessed by comparing the peak heights obtained from a calibration mixture that had been subjected to the complete sample preparation procedure with those from calibration mixtures that had simply been evaporated and derivatized before chromatography.
Linearity. We evaluated the linearity of the method by adding 50, 35, 20, 10, 5, and 0 iL of stock calibration mixture (1 g/L) to six separate tubes and drying under nitrogen for 3 min at 50#{176}C. After reconstitution with 400 L of isotonic saline, the samples were treated the same as the erythrocyte suspensions. Limit of detection. We used as the limit of detection the baseline noise from a typical erythrocyte chromatogram multiplied by three. This signal was expressed as a fatty acid concentration by comparison with the calibration curve.
Method comparison. We compared the results obtained for 20 erythrocyte samples analyzed both by our own HPLC method and by a gas-chromatographic method (4). Reference range. Erythrocyte samples were obtained from 51 nonfasting subjects (ages 13-79 years; 17 males, 34 females), i.e., 5 healthy laboratory staff and 46 hospital outpatients, not receiving intravenous fatty acids. Approval was obtained from the Salford Health Authority Ethics Committee for the collection of blood samples from all volunteers. 
Results
Optimization of Sample Preparation
As shown in Table 1 , the saturated fatty acids (palmitic and stearic) and the momounsaturated fatty acid (oleic) were reasonably stable for 41 days, regardless of the method of collection and storage. In contrast, polyunsaturated fatty acids (linoleic, arachidonic, eicosatrienoic and palmitoleic) were susceptible to oxidation. Use of nitrogen alone had little effect, but the addition of antioxidant kept the polyunsaturated fatty acids stable for at least 8 days at -20#{176}C.
The effect of hydrolysis time (Fig. 1) was such that the peak heights of the fatty acid derivatives continually increased with time; in contrast, the fatty acid:untennal standard peak-height ratios remained constant. Increasing the period of vortex-mixing of sample with extraction solvent from 30 s to 5 min did not affect the efficiency of fatty acid extraction.
On average, fatty-acid derivatization was 33-fold more effective at 60#{176}C than at room temperature.
Chromatography
Isocratic and gradient elution ( Fig. 2A) (Fig. 2B) . A typical chromatogram (Fig. 2C) demonstrates that the method detects and separates fatty acids in erythrocytes.
Analytical Variables
The mean analytical recovery ranged from 70% to 98% for all the fatty acids as a group (Table 2) . Mean absolute recovery ranged from 17% to 23% for arachidonic, palmitoleic, linoleic, eicosatrienoic, and oleic acids, and from 41% to 50% for palmitic, margaric, and stearic acids.
For all of the fatty acids examined, the results of the assay varied linearly with concentration up to 400 moI/L (Fig. 3) . The limit of detection of the assay for each fatty acid was as follows: arachidonic 3.3, palmitoleic 6.0, linoleic 4.5, eicosatrienoic 8.5, oleic 6.9, palmitic 6.5, and stearic 13.8 punoL'L. Data for assay reproducibility are shown in Table 3 . The within-batch CV for all the erythrocyte fatty acids averaged 8%. Difference plots (13) showed good agreement between gas-chromatographic and HPLC methods of analysis. The percentage differences between the two methods (Table 4) averaged 5% for all fatty acids, except for oleic acid, for which it was 12%. In our hands the HPLC gradient method for fatty acid measurement (5) had several deficiencies. The high solvent content of the mobile phase caused air locks in the pump check valves, despite continuous degassung. This led to breakdowns in overnight sample runs and unacceptable reliability.
Moreover, the gradient method as described did not provide complete separation of the fatty acids of interest to us (Fig. 2A) 
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Different sets of erythrocyte samples were used for the within-batchand between-batch precision studies. Erc, erythrocytes. 
significantly.
However, we recommend that fresh mobile phase be used for each overnight run.
Having established the optimum chromatographic conditions for fatty acid separation, we applied this to the measurement of fatty acids in erythrocytes. The fatty acids in the erythrocytes exist as esters but are measured as derivatives of their free form. Acid hydrolysis of these esters for as long as 4 h did not produce any plateau in the peak height of the fatty acid derivatives, which all increased in parallel (Fig. l#{192}) . This was also true for the internal standard, margaric acid, which is already in the free form and is not present in erythrocytes. Perhaps acid hydrolysis modifies free fatty acids, making them more amenable to derivatization.
In any case, because of their parallel increase in peak heights, the fatty acid:internal standard ratio remained constant, whether the sample was heated for 0.5 h or 4 h (Fig. 1B). Others (4, 14, 15 ) have also found a constant fatty acid:internal standard ratio between 2 and 6 h of "transesterification" (hydrolysis), but they did not report the uncorrected peak height or areas of the individual fatty acids.
The criteria for the hydrolysis time selected were speed and sensitivity (i.e., size of signal) of the assay. Although the release of the fatty acids from their esters was apparently complete after 30 mm, we heated samples for 2.5 h because this gave good results for duplicate samples and allowed sample preparation within a working day. Shorter "hydrolysis" periods produced poor duplication, and occasionally some fatty acids (including As shown in Table 3 , the mean within-batch CV of the method was 8.2%. Duplicate analysis of 40 samples showed on average <5% difference between paired results. It was difficult to assess the between-batch precision because of limited sample stability in storage, which also makes quality control of the assay difficult. We currently assay at least three "normal" samples taken at the same time as the samples of clinical interest. One of the "normal" samples is then reassayed in the next run to check between-batch reproducibility. The relative recovery of fatty acids added to an erythrocyte suspension was variable, less than expected (see Table 2 ), and less than reported elsewhere (4). We suggest that, as with other erythrocyte assays (23), supplementing erythrocytes with external material is difficult.
Some of the fatty acids could have been trapped in the discarded erythrocyte debris after sample extraction.
Despite this deficiency, the HPLC method gave results in agreement with those obtained by gas chromatography (4), with no significant bias (Table 4 ).
In conclusion, this isocratic
HPLC system for measuring fatty acids in erythrocytes is, although time consuming, accurate and reliable. It provides better fatty acid separation, and is simpler and cheaper than a comparative gradient HPLC method (5). In our hands a standard column has lasted for >1000 sample injections, and 20 samples can be prepared and chromatographed in 24 h.
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